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Abstract
Lewis acids like tris(pentafluorophenyl)borane (BCF) offer promising routes for effi-
cient p-doping of organic semiconductors. The intriguing experimental results achieved
so far call for a deeper understanding of the underlying doping mechanisms. In a first-
principles work, based on state-of-the-art density-functional theory and many-body
perturbation theory, we investigate the electronic and optical properties of donor/acceptor
complexes formed by quarterthiophene (4T) doped by BCF. For reference, hexafluo-
robenzene (C6F6) and BF3 are also investigated as dopants for 4T. Modelling the
adducts as bimolecules in vacuo, we find negligible charge transfer in the ground state
and frontier orbitals either segregated on opposite sides of the interface (4T:BCF)
or localized on the donor (4T:BF3, 4T:C6F6). In the optical spectrum of 4T:BCF,
a charge-transfer excitation appears at lowest-energy, corresponding to the transition
between the frontier states, which exhibit very small but non-vanishing wave-function
overlap. In the other two adducts, the absorption is given by a superposition of the
features of the constituents. Our results clarify that the intrinsic electronic interactions
between donor and acceptor are not responsible for the doping mechanisms induced by
BCF and related Lewis acids. Extrinsic factors, such as solvent-solute interactions, in-
termolecular couplings, and thermodynamic effects, have to be systematically analyzed
for this purpose.
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Introduction
Doping represents a crucial process to enable the application of organic semiconductors in
optoelectronics.1–3 A consolidated consensus acknowledges the formation of charge-transfer
complexes4–10 and ion-pairs11–17 as the dominant doping mechanisms in organic semicon-
ductors.17–19 The emergence of Lewis acids like tris(pentafluorophenyl)borane, B(C6F5)3 (in
short BCF)20,21 as novel dopant species has opened new routes for efficient p-doping of or-
ganic polymers and oligomers.22–35 The pioneering study by Pingel et al.,27 has identified
integer charge transfer between poly(3-hexylthiophen-2,5-diyl) (P3HT) and BCF, but has
not been able to fully disclose the underlying physical processes. The recent work by Yurash
et al.34 has demonstrated that the doping mechanisms induced by BCF and other Lewis acids
is largely mediated by the protonation of a portion of the polymer in solution. Mansour and
coworkers35 have just shown that BCF promotes in P3HT the formation of polarons with
different characteristics depending on the morphology and aggregation of the donor species.
The complexity unraveled by these observations calls for an in-depth understanding of
the quantum-mechanical interactions that characterize these complexes. This is a necessary
step to gain insight into intrinsic properties of the materials, such as orbital hybridization,
wave-function overlap, and, more generally, electronic interactions, which strongly affect the
behavior of the system in the actual experimental and device conditions, but are not straight-
forward to be detected in the measurements. In order to disclose and rationalize these effects,
we present in this paper a state-of-the-art first-principles investigation of the electronic and
optical properties of the donor/acceptor complex formed by a quaterthiophene (4T) oligomer
doped by BCF. In our analysis, performed in the framework of hybrid density-functional the-
ory and many-body perturbation theory (GW approximation and Bethe-Salpeter equation),
we investigate isolated adducts in vacuo. In this way, we are able to pinpoint the electronic
interactions within the complex and to understand the underlying quantum-mechanical ef-
fects. For comparison, we investigate two additional complexes formed by the Lewis acid
BF3 and by hexafluorobenzene (C6F6). In the ground state, we focus on the charge transfer,
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the level alignment between the donor and acceptor, and the character of the frontier orbitals
in the adducts. Furthermore, we compute the optical absorption spectra of the complexes
and quantitatively determine the spatial distribution of the electron and hole densities. With
this analysis we are able to provide relevant information about the intrinsic characteristics
of these prototypical donor/acceptor complexes, which is necessary for an improved under-
standing of the fundamental doping mechanisms induced by BCF and related Lewis acids.
Methodology
Theoretical Background
The results presented in this work are carried out from first principles in the framework
of density functional theory (DFT)36 and many-body perturbation theory (MBPT),37 in-
cluding the GW approximation and the solution of the Bethe-Salpeter equation (BSE). In
DFT, the many-body system is mapped into the fictitious Kohn-Sham (KS) system of non-
interacting electrons.38 The electronic states are described by the wavefunctions φj, which
are the solutions of the secular equation with effective Hamiltonian hˆ:
hˆφj = (Tˆ + Vˆeff )φj = (Tˆ + Vˆext + VˆH + Vˆxc)φj = jφj (1)
The eigenvalues j correspond to the energies of the respective φj. Tˆ is the kinetic energy
operator and Veff the effective KS potential. This term is given by the sum of the external
potential Vext, corresponding to the interaction between the electrons and the nuclei, the
Hartree potential VH , and the exchange-correlation potential Vxc, describing the exchange-
correlation interaction between the electrons. We recall that the exact form of the last term
is unknown and, therefore, has to be approximated.
The DFT results represent the starting point for the calculation of the quasi-particle
(QP) electronic structure within the GW approximation,39 where the electronic self-energy
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is given by Σ = iGW . Here, we use the perturbative G0W0 approach
40 to solve the QP
equation
QPj = 
KS
j + 〈φKSj |Σ(QPj )− Vˆxc|φKSj 〉 (2)
and obtain the QP energies QPj . Finally, to compute the optical excitations, we solve the
BSE, which is the equation of motion of the two-particle polarizability:41
L = L0 + L0ΞL, (3)
where L is the interacting electron-hole correlation function related to the two-particle
Green’s function, L0 is its non-interacting counterpart, and Ξ is the electron-hole interaction
kernel including the statically screened Coulomb interaction as well as the exchange poten-
tial between the positively-charged hole and the negatively-charged electron. In practice,
the problem is mapped into a secular equation with an effective two-particle Hamiltonian
including the BSE kernel.42
Computational Details
Equilibrium geometries are calculated by force minimization in the framework of DFT. For
these calculations we use the all-electron code FHI-aims.43 The Perdew-Burke-Ernzerhof
semi-local functional44 is used to approximate the exchange-correlation potential, together
with tight integration grids and TIER2 basis sets.45 The Tkatchenko-Scheffler scheme46 is
adopted to include van der Waals interactions. The optimization procedure is carried out
until the Hellmann-Feynman forces are smaller than 10−3 eV/A˚.
To calculate the electronic and optical properties in the framework of DFT and MBPT, we
use the MOLGW code.42 Gaussian-type cc-pVDZ47 basis sets are used and the resolution-of-
identity approximation48 is applied. Here, the hybrid exchange-correlation functional using
the Coulomb-attenuating method CAM-B3LYP49 is chosen. The Bader charge analysis
scheme is used to compute the partial charges.50–53 The G0W0 and the BSE calculations
5
are performed including all the occupied states and with approximately three time as many
unoccupied states. The total number of occupied and unoccupied states is determined by the
number of basis functions used to calculate the KS wave-functions. In the case of 4T:BCF,
this amounts to a total of 822 KS states, including 209 occupied and 613 virtual orbitals.
For 4T:C6F6 130 occupied and 384 virtual orbitals are used, while in 4T:BF3, 101 occupied
and 301 virtual ones are adopted. The BSE is solved in the Tamm-Dancoff approximation.
The spatial distribution of the λth electron-hole pair is evaluated from the electron and hole
densities, defined as:
ρλh(r) =
∑
αβ
Aλαβ|φα(r)|2 (4)
and
ρλe (r) =
∑
αβ
Aλαβ|φβ(r)|2 , (5)
respectively,9,10,54,55 where φα and φβ are the occupied and the unoccupied QP states con-
tributing to the λth excitation, respectively. The weighting coefficients Aλαβ are the absolute
squares of the normalized BSE eigenvectors.
Results
Structural properties
(a)                             (b)                           (c) 
(b) 
y 
x 
z 
1     2    3    4 
Figure 1: Ball-and-stick representation of the adducts considered in this work: (a) 4T:BCF,
(b) 4T:C6F6 and (c) 4T:BF3 complexes. Sulphur, carbon, hydrogen, fluorine, and boron
atoms are represented in yellow, grey, white, green, and pink, respectively. The number of
the 4T rings in panel (b) is used in Table 1.
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To study the impact of BCF on the electronic and optical properties of organic semicon-
ductors, we consider a model system formed by 4T interacting with one BCF molecule in the
gas phase, in absence of any reference of such a system in the solid state. It is worth mention-
ing, however, that in co-crystals56 the geometries of faced 4T and tetracyanoquinodimethane
is not significantly affected compared to the charge-transfer complex in the gas phase.9,10,17
4T is a representative thiophene oligomer absorbing visible light,57–60 which is often used
to mimic short segments of polythiophene chains.17 In the relaxed geometry obtained for
4T:BCF and reported in Figure 1a), the acceptor is adsorbed on one side of the donor. This
geometry resembles the adduct formation proposed by Pingel et al.,27 with the boron atom
aligned to the sulphur on one of the outer rings of 4T. An alternative geometry with BCF
on the center of the 4T backbone was also explored but turned out to be energetically less
favorable than the one in Figure 1a).
For reference, we also investigate the adducts formed by 4T doped by the Lewis acid
BF3, as well as by hexafluorobenzene (C6F6). The optimized geometries of the energetically
most favorable configurations are shown in Figure 1b)-c). Additional information about the
structural properties of the adducts is given in Table 1, where the values of the dihedral angle
S-C-C-S are reported for each ring of 4T, according to the labeling in Figure 1b). We recall
that in the isolated 4T molecule each angle is equal to 180◦. It is evident that the interaction
with BCF causes a significant distortion in the 4T backbone such that the thiophene ring
directly below the acceptor (ring 4), is subject to a 40◦ torsion with respect to the adjacent
ring 3 (see Table 1), which is facing the C6F5 unit adsorbed directly above it. The rest of
the 4T molecule also experiences a distortion ranging from 25◦ to 13◦ further away from the
dopant adsorption site. Also the adsorption of BF3 causes a pronounced distortion of the
thiophene backbone with a torsion angle of approximately 20◦ between the rings. On the
other hand, when interacting with C6F6, the 4T backbone remains almost planar except for
a twist of about 25◦ of the side rings (see Table 1). In all adducts, the bond lengths undergo
negligible changes compared to isolated 4T, which are therefore not reported herein.
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Table 1: Dihedral angle between the different 4T rings (as labeled in Figure 1).
4T-rings 4T:BCF 4T:C6F6 4T:BF3
1 - 2 156.22◦ 151.99◦ 156.60◦
2 - 3 167.18◦ 173.81◦ 159.01◦
3 - 4 140.39◦ 156.14◦ 156.66◦
The mutual distance between donor and acceptor varies in the three adducts, due to the
different nature of the dopant molecule involved. In the case of 4T:BCF, the shortest B-S
distance amounts to 3.75 A˚ while in 4T:BF3 it is equal to 3.83 A˚. The F atoms in the latter
system are separated by 3.42 A˚ from the underlying C atoms in 4T. In the 4T:C6F6 complex,
the carbon and fluorine atoms of the acceptor lie on the same plane, about 3.4 A˚ above the
4T backbone. This distance is comparable with the separation between the C6F5 ring and
the donor in 4T:BCF.
Electronic properties
Table 2: Bader charges on the acceptors in the considered adducts. The mean
values of the charges on the C6F5 rings in BCF and on the F atoms in BF3 are
reported. Charges are given in units of electrons with positive (negative) values
indicating change depletion (accumulation).
Species 4T:BCF 4T:C6F6 4T:BF3
Tot. charge -0.068 -0.027 -0.032
B +2.955 - +2.957
C6F5 / F -1.008 - -0.996
As the next step in our analysis, we examine the electronic properties of the adducts,
starting from inspecting the charge transfer in the ground state. For this purpose, we make
use of the Bader charge analysis, partitioning the system between the donor and the acceptor
units (see Table 2). In all three adducts we find a negligible charge transfer between 4T and
the respective acceptor species, of the order of 10−2 electrons. In the case of the 4T:BCF and
4T:BF3, a significant charge transfer occurs within the acceptor molecules. This behavior is
not driven by the interacting 4T molecule but is an intrinsic property of the Lewis acids BF3
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and BCF, as shown in more details in the Supporting Information (Tables S1 and S2), where
the partial charges of the single acceptor molecules are reported. The B atom, coordinated
with strong electron-withdrawing species, such as F atoms and C6F5 rings, donates almost
in full its three valence electrons (see Table 2). The absence of ground-state charge transfer
in 4T:BCF, modeled here as an isolated bimolecule in vacuo, is in perfect agreement with
a previous calculation performed in an idealized thiophene polymer doped by BCF.35 This
finding reveals that the doping mechanism between 4T and BCF does not result from direct
charge transfer, but is driven by external factors, such as polaron formation, integer charge
transfer with consequent protonation of the donor, and solution environment27,34,35,61 that
are not included in these calculations.
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Figure 2: Level alignment, computed from G0W0, of (a) 4T:BCF (b) 4T:C6F6 (c) 4T:BF3,
with respect to their constituents: The frontier states of the acceptors are referred to the
gas-phase molecule, while for 4T we report both the frontier energies in the isolated molecule
(4Tiso) and in the distorted geometry of the adduct.
We continue with our analysis on the electronic properties of the adducts by considering
the energy level alignment computed from G0W0 on top of hybrid DFT, as reported in
Figure 2. In each panel, from left to right, we show the frontier states of the isolated acceptor,
of the adduct, of the donor in the relaxed geometry of the respective adduct, as well as in the
gas phase (4Tiso). In the case of 4T:BCF, the lowest unoccupied molecular orbital (LUMO)
of BCF is energetically comprised between the frontier states of the donor, resulting in a
type II level alignment. A close inspection of Figure 2a) reveals that the energies of the
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highest-occupied molecular orbital (HOMO) of 4T:BCF is only a few tens meV lower than
the HOMO of the donor in the geometry of the adduct. This difference increases up to a
few hundreds meV with respect to the isolated 4T (4Tiso). The LUMO of 4T:BCF is equally
close in energy to the LUMO of BCF alone. These correspondences are mirrored by the
character of the frontier orbitals in the adduct, shown in Figure 3, left panel. The HOMO is
localized on the donor, while the LUMO on the acceptor. Both states retain the character of
the corresponding orbitals of the constituents (see Figure S1 in the Supporting Information).
A careful analysis of the LUMO of 4T:BCF reveals, however, a slight hybridization between
donor and acceptor, which will play a role in the optical properties discussed below.
4T:C6F6 and 4T:BF3 are instead characterized by a type I level alignment between the
constituents (see Figure 2b,c). In those cases, the relatively small size of the acceptor
molecules gives rise to band gaps of the order of 11 eV for C6H6 and almost 20 eV for
BF3, which largely exceed the one of 4T. As a result, the frontier orbitals of the adducts
coincide with those of the donor, both in terms of energy (see Figure 2) and of spatial dis-
tribution (see Figure 3b,c). Also the QP gap is almost identical to the one of 4T (∼6.5 eV)
which is more than 1 eV larger compared to the one of 4T:BCF (5.3 eV). In the 4T:C6F6
and 4T:BF3 differences in the QP gaps of the adducts compared to those of the donor are
ascribed to polarization effects exerted by the acceptor molecule. The calculated larger gap
is in agreement with previous findings for breaking the planarity of the pi-conjugated 4T
molecule.62
A final note about the effect of the distortion of 4T in the presence of the dopant. Con-
trary to previous results obtained for edge-functionalized graphene nanoflakes,63,64 where
backbone distortions give rise to a band-gap reduction, in the three adducts considered here,
the HOMO and the LUMO of the donor in the geometry of the complex are energetically
(slightly) lower and higher, respectively, compared to those of their flat and isolated counter-
parts. This behavior can be interpreted as an indication that the planar geometry predicted
by semi-local DFT for gas-phase 4T is not the global minimum of this configuration, as also
10
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L 
Figure 3: HOMO (H) and LUMO (L) of the considered D/A complexes with isosurfaces
depicted at 10% of their maximum value.
suggested by earlier experimental results.65,66
Optical properties
The analysis of the electronic structure reported above provides all the ingredients to inves-
tigate the optical properties of the adducts. In Figure 4 we report the absorption spectra
computed from the solution of the BSE. In each panel we show the result for the adducts to-
gether with the spectra of their isolated constituents in the respective equilibrium geometries.
The spectrum of 4T:BCF (Figure 4a) is dominated at the onset by an intense peak
at 3.4 eV (P1), including a weak shoulder at 3.1 eV (P*). Other maxima are found at
approximately 4 eV (P**) and at 5.5 eV (P2). Deeper in the UV region between 6 eV
and 7.5 eV a broad and intense feature comprises the peaks P*** and P3. Comparison
between the spectrum of the adduct and the spectra of its individual constituents offers
clear indications about the nature of the aforementioned absorption peaks. First of all we
notice that P1 is blue-shifted by approximately 0.5 eV with respect to the first excitation of
4T, considered in its flat geometry (further details about this spectrum are in the Supporting
Information, see Figure S6). This trend is consistent with the electronic structure discussed
above, where the QP gap of distorted 4T is larger than the one of its flat counterpart
(see Figure 2a). The 4T-like character of P1 is confirmed by the spatial distribution of
11
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Figure 4: Optical spectra of (a) 4T:BCF, (b) 4T:C6F6, (c) 4T:BF3 and of their respective
constituents in the equilibrium geometries as isolated compounds. A Lorentzian broadening
with a full width at half maximum of 0.125 eV is applied to the spectra to mimic the
excitation lifetime. The strength of all peaks is normalized to the height of first maximum
in the spectrum of 4T.
the electron and hole densities associated to this excitation (see Figure 5a). On the other
hand, the lowest-energy peak, P*, is a charge-transfer excitation emerging in the spectrum of
4T:BCF due to the character of its frontier orbitals (see Figure 3). In fact, P* corresponds to
the transition from the HOMO of the adduct, localized on the donor, to the LUMO, mainly
distributed on the acceptor and only slightly hybridized with 4T. This minimal wave-function
overlap explains the weak but non-vanishing oscillator strength (OS) of P*, in spite of its
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almost pure charge-transfer character.54 The analysis of the electron and hole densities in
Figure 5a) supports this interpretation.
The second bright peak in the spectrum of 4T:BCF, P**, appears at the same energy
as the first maximum in the spectrum of BCF. The analysis of the corresponding electron
and hole densities (Figure 5a) reveals, however, that this excitation in the adduct is rather
delocalized across the whole complex, especially as far as the hole is concerned. P2 appears
in proximity of the second absorption maximum in the spectrum of 4T (for further details,
see Supporting Information, Figure S6 and related discussion). However, the analysis of
the corresponding electron and hole densities (see Figure 5), which are largely delocalized
across the donor and the acceptor molecules, reveals that this excitation is evidently a new
feature emerging in the adduct. Finally, P*** and P3 appear in the UV region, where also an
intense and equally broad feature is present in the spectrum of BCF alone. P*** is mainly
localized on the acceptor and the corresponding electron and hole densities are resembling
of their counterparts in the excitation of isolated BCF at the same energy (see Supporting
Information, Figure S8). On the other hand, P3 is a delocalized excitation across the whole
adduct, as clearly visible through the plot of the corresponding electron and hole densities
in Figure 5a). Its large OS is therefore a direct consequence of such a large wave-function
overlap.
We now turn to the analysis of the spectra of 4T:C6F6 and 4T:BF3, shown in Figure 4b)
and c), respectively. At a glance, it is evident that they both resemble the spectrum of
4T:BCF, especially in the low-energy region. The first intense peak, P1, is found at ap-
proximately the same energy in the spectra of all three adducts and bears the same 4T-like
character regardless of the dopant species, as shown by the corresponding electron and hole
density distributions in Figure 5. Also P2 appears in all three spectra at about the same en-
ergy (5.5 eV) and with approximately the same OS. However, the character of this excitation
varies depending on the acceptor. In the case of 4T:C6F6, the hole is distributed on both
4T and C6F6 while the electron is localized only on the donor (see Figure 5b). Conversely,
13
P1                 P2               P3 
P1                 P2               P3 
(a) (b) 
(c)   P*                 P**                P*** 
P1                 P2                 P3 
Figure 5: Electron (blue) and hole (red) densities of the optical excitations listed in Table 1
for (a) 4T:BCF, (b) 4T:C6F6, and (c) 4T:BF3. The isosurfaces are plotted at approximately
1% of their maximum value.
in 4T:BF3, both the electron and hole densities are localized solely on 4T.
The higher-energy excitation P3 is found between 6.5 eV and 7.0 eV in the spectra all
adducts. However, like P2, its relative OS and its character are affected by the dopant species.
In 4T:C6F6, P3 is rather intense (its OS is about half of the one of P1), and its electron and
hole densities are both distributed across the entire adduct, similar to its counterpart in the
spectrum of 4T:BCF (see Figure 5). Note that the first peak in the spectrum of isolated
C6F6 is energetically very close to P3 (see Figure 4b). On the contrary, in the spectrum of
4T:BF3, P3 is almost as weak as P2 and is again almost entirely distributed on the donor only
(see Figure 5c). A careful inspection of Figure 4c) reveals that the spectrum of isolated BF3
does not feature any absorption feature in the region between 2.5 eV and 8.0 eV, considered
in this analysis. The absorption onset of this molecule is found at 12.23 eV, in line with the
existing literature,67 as shown in Figure S7 of the Supporting Information.
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Discussion and Conclusions
The results presented in this work offer important insight into the intrinsic electronic struc-
ture of BCF-doped oligothiophenes, calculated as isolated bimolecules in vacuo. This sit-
uation is representative of the local interactions between donor and acceptor species.9,10,17
However, it is important to consider the fact that in real samples these systems are em-
bedded in an environment (either in solution or in solid-state) and are therefore subject to
non-negligible dielectric screening. In general, going from the gas- to the condensed-phase
induces a broadening and a red-shift of the absorption features as an effect of the dielectric
screening exerted by the closely-packed molecules.60,68–74 Related phenomena like excitonic
delocalization are also observed in organic crystals.75–77 In the case of p-doped organic crys-
tals in the low-doping limit, it was shown that the screening plays a role in accurately
determining ionization potential and electron affinity.78,79 It is therefore reasonable to ex-
pect a red-shift of a few hundred meV in the computed absorption lines upon inclusion of a
screening term mimicking a realistic dielectric embedding for BCF-doped 4T.
In the modeled adducts, we find negligible charge transfer in the ground state of the order
of 10−2 electrons. A substantial charge redistribution occurs instead within BCF and BF3,
where the C6F5 rings and the F atoms, respectively, withdraw almost in full the three valence
electrons of the B atom. This result supports the recent experimental findings that other
mechanisms such as protonation in solution34 and/or polaron formation35 are responsible
for the doping mechanism induced by BCF and related Lewis acids.
The electronic structure of 4T:BCF is characterized by the type II level alignment be-
tween its constituents, with the LUMO of BCF comprised between the frontier orbitals of
4T. However, different from conventional charge-transfer complexes formed, for example,
by 2,3,5,6-tetrafluoro-tetracyanoquinodimethane and 4T (see, e.g., Refs. 9,10) the HOMO
and the LUMO of 4T:BCF are localized on the donor and the acceptor, respectively, with
a non-vanishing wave-function overlap between them. This behavior is the key for under-
standing the doping mechanism of 4T:BCF. In the adducts 4T:C6F6 and 4T:BF3, a type I
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level alignment between the constituents is obtained, owing to the much larger band gap of
the acceptor compared to the donor. Consequently, the frontier orbitals of these adducts
coincide with those of 4T alone. The optical spectra evidently reflect these characteristics.
In 4T:BCF, the lowest-energy excitation has weak OS and pronounced charge-transfer char-
acter, and is energetically very close to the intense peak generated by the optical transition
within the donor. On the other hand, the spectra of the other two adducts result in a
mere superposition of the features of their building blocks, consistent with the obtained level
alignment and electronic structure.
In conclusion, our analysis reveals that the intrinsic electronic interactions between the
donor and the acceptor are not the driving doping mechanism induced by Lewis acids like
BCF. This main result of our work, although negatively formulated, provides very rele-
vant information about the nature of such donor/acceptor complexes in order to rationalize
experimental observations. It clarifies, for example, that extrinsic factors, such as solvent-
solute interactions, intermolecular coupling among the donors, as well as thermodynamics
effects play a crucial role in determining the doping efficiency in these adducts, depending
on the specific characteristics of the species involved. Further theoretical investigations are
certainly needed to address all the aforementioned effects in details. Our results offer a
valuable starting point for this purpose.
Acknowledgement
Fruitful discussions with Michele Guerrini, Ahmed Mansour, Andreas Opitz, and Dieter
Neher are kindly acknowledged. This work was funded by the German Research Founda-
tion (DFG) through the project “FoMEDOS” – Project number 286798544 (HE 5866/2-1).
Computational resources partly provided by the The North-German Supercomputing Al-
liance (HLRN) – project bep00076.
16
Supporting Information Available
The following files are available free of charge. Additional details about the electronic and
optical properties of the adducts and their constituents are provided.
References
(1) Ostroverkhova, O. Organic optoelectronic materials: mechanisms and applications.
Chem. Rev. 2016, 116, 13279–13412.
(2) Jacobs, I. E.; Moule´, A. J. Controlling Molecular Doping in Organic Semiconductors.
Adv. Mater. 2017, 29, 1703063.
(3) Wang, C.; Dong, H.; Jiang, L.; Hu, W. Organic semiconductor crystals. Chem. Soc. Rev.
2018, 47, 422–500.
(4) Zhu, L.; Kim, E.-G.; Yi, Y.; Bre´das, J.-L. Charge Transfer in Molecular Com-
plexes with 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ): A Den-
sity Functional Theory Study. Chem. Mater. 2011, 23, 5149–5159.
(5) Salzmann, I.; Heimel, G.; Duhm, S.; Oehzelt, M.; Pingel, P.; George, B. M.; Schnegg, A.;
Lips, K.; Blum, R.-P.; Vollmer, A. et al. Intermolecular Hybridization Governs Molec-
ular Electrical Doping. Phys. Rev. Lett. 2012, 108, 035502.
(6) Kim, J.-M.; Yoo, S.-J.; Moon, C.-K.; Sim, B.; Lee, J.-H.; Lim, H.; Kim, J. W.; Kim, J.-
J. N-type molecular doping in organic semiconductors: formation and dissociation ef-
ficiencies of a charge transfer complex. J. Phys. Chem. C 2016, 120, 9475–9481.
(7) Tietze, M. L.; Benduhn, J.; Pahner, P.; Nell, B.; Schwarze, M.; Kleemann, H.; Kram-
mer, M.; Zojer, K.; Vandewal, K.; Leo, K. Elementary steps in electrical doping of
organic semiconductors. Nature Comm. 2018, 9, 1–9.
17
(8) Beyer, P.; Pham, D.; Peter, C.; Koch, N.; Meister, E.; Brutting, W.; Grubert, L.;
Hecht, S.; Nabok, D.; Cocchi, C. et al. State-of-Matter-Dependent Charge-Transfer
Interactions between Planar Molecules for Doping Applications. Chemistry of Materials
2019, 31, 1237–1249.
(9) Valencia, A. M.; Cocchi, C. Electronic and Optical Properties of Oligothiophene-
F4TCNQ Charge-Transfer Complexes: The Role of the Donor Conjugation Length.
J. Phys. Chem. C 2019, 123, 9617–9623.
(10) Valencia, A. M.; Guerrini, M.; Cocchi, C. Ab initio modelling of local interfaces in
doped organic semiconductors. Phys. Chem. Chem. Phys. 2020, 22, 3527–3538.
(11) Braun, S.; Salaneck, W. R. Fermi level pinning at interfaces with tetrafluorote-
tracyanoquinodimethane (F4-TCNQ): The role of integer charge transfer states.
Chem. Phys. Lett. 2007, 438, 259–262.
(12) Moule´, A. J.; Tsami, A.; Bu¨nnagel, T. W.; Forster, M.; Kronenberg, N. M.; Schar-
ber, M.; Koppe, M.; Morana, M.; Brabec, C. J.; Meerholz, K. et al. Two novel
cyclopentadithiophene-based alternating copolymers as potential donor components
for high-efficiency bulk-heterojunction-type solar cells. Chem. Mater. 2008, 20, 4045–
4050.
(13) Yim, K.-H.; Whiting, G. L.; Murphy, C. E.; Halls, J. J. M.; Burroughes, J. H.;
Friend, R. H.; Kim, J.-S. Controlling Electrical Properties of Conjugated Polymers
via a Solution-Based p-Type Doping. Adv. Mater. 2008, 20, 3319–3324.
(14) Pingel, P.; Zhu, L.; Park, K. S.; Vogel, J.-O.; Janietz, S.; Kim, E.-G.; Rabe, J. P.;
Bre´das, J.-L.; Koch, N. Charge-Transfer Localization in Molecularly Doped Thiophene-
Based Donor Polymers. J. Phys. Chem. Lett. 2010, 1, 2037–2041.
(15) Pingel, P.; Neher, D. Comprehensive picture of p-type doping of P3HT with the molec-
ular acceptor F4TCNQ. Phys. Rev. B 2013, 87, 115209.
18
(16) Bao, Q.; Sandberg, O.; Dagnelund, D.; Sande´n, S.; Braun, S.; Aarnio, H.;
Liu, X.; Chen, W. M.; O¨sterbacka, R.; Fahlman, M. Trap-Assisted Recombination
via Integer Charge Transfer States in Organic Bulk Heterojunction Photovoltaics.
Adv. Funct. Mater. 2014, 24, 6309–6316.
(17) Me´ndez, H.; Heimel, G.; Winkler, S.; Frisch, J.; Opitz, A.; Sauer, K.; Wegner, B.; Oe-
hzelt, M.; Ro¨thel, C.; Duhm, S. et al. Charge-transfer crystallites as molecular electrical
dopants. Nature Comm. 2015, 6, 8560.
(18) Salzmann, I.; Heimel, G. Toward a comprehensive understanding of molecular doping
organic semiconductors. J. Electron Spectrosc. Relat. Phenom. 2015, 204, 208–222.
(19) Salzmann, I.; Heimel, G.; Oehzelt, M.; Winkler, S.; Koch, N. Molecular Electrical
Doping of Organic Semiconductors: Fundamental Mechanisms and Emerging Dopant
Design Rules. Acc. Chem. Res. 2016, 49, 370–378.
(20) Massey, A.; Park, A. Perfluorophenyl derivatives of the elements: I.
Tris(pentafluorophenyl)boron. J. Organomet. Chem. 1964, 2, 245 – 250.
(21) Ko¨rte, L. A.; Schwabedissen, J.; Soffner, M.; Blomeyer, S.; Reuter, C. G.;
Vishnevskiy, Y. V.; Neumann, B.; Stammler, H.-G.; Mitzel, N. W.
Tris(perfluorotolyl)boraneA Boron Lewis Superacid. Angew. Chem. Int. Ed. 2017,
56, 8578–8582.
(22) Welch, G. C.; Coffin, R.; Peet, J.; Bazan, G. C. Band gap control in conjugated
oligomers via Lewis acids. J. Am. Chem. Soc. 2009, 131, 10802–10803.
(23) Welch, G. C.; Bazan, G. C. Lewis acid adducts of narrow band gap conjugated polymers.
J. Am. Chem. Soc. 2011, 133, 4632–4644.
(24) Zalar, P.; Henson, Z. B.; Welch, G. C.; Bazan, G. C.; Nguyen, T.-Q. Color Tuning in
19
Polymer Light-Emitting Diodes with Lewis Acids. Angew. Chem. Int. Ed. 2012, 51,
7495–7498.
(25) Poverenov, E.; Zamoshchik, N.; Patra, A.; Ridelman, Y.; Bendikov, M. Un-
usual doping of donor–acceptor-type conjugated polymers using lewis acids.
J. Am. Chem. Soc. 2014, 136, 5138–5149.
(26) Zalar, P.; Kuik, M.; Henson, Z. B.; Woellner, C.; Zhang, Y.; Sharenko, A.; Bazan, G. C.;
Nguyen, T.-Q. Increased mobility induced by addition of a Lewis acid to a Lewis basic
conjugated polymer. Adv. Mater. 2014, 26, 724–727.
(27) Pingel, P.; Arvind, M.; Ko¨lln, L.; Steyrleuthner, R.; Kraffert, F.; Behrends, J.; Jani-
etz, S.; Neher, D. p-Type Doping of Poly (3-hexylthiophene) with the Strong Lewis
Acid Tris (pentafluorophenyl) borane. Adv. Electron. Mater. 2016, 2, 1600204.
(28) Hansmann, M. M.; Lo´pez-Andarias, A.; Rettenmeier, E.; Egler-Lucas, C.; Rominger, F.;
Hashmi, A. S. K.; Romero-Nieto, C. B (C6F5) 3: a Lewis acid that brings the light to
the solid state. Angew. Chem. Int. Ed. 2016, 55, 1196–1199.
(29) Lin, J.; Liu, B.; Yu, M.; Xie, L.; Zhu, W.; Ling, H.; Zhang, X.; Ding, X.; Wang, X.;
Stavrinou, P. N. et al. Heteroatomic conjugated polymers and the spectral tuning of
electroluminescence via a supramolecular coordination strategy. Macromol. Rapid Com-
mun. 2016, 37, 1807–1813.
(30) Yan, H.; Chen, J.; Zhou, K.; Tang, Y.; Meng, X.; Xu, X.; Ma, W. Lewis Acid Doping
Induced Synergistic Effects on Electronic and Morphological Structure for Donor and
Acceptor in Polymer Solar Cells. Advanced Energy Materials 2018, 8 .
(31) Panidi, J.; Paterson, A. F.; Khim, D.; Fei, Z.; Han, Y.; Tsetseris, L.; Vourlias, G.;
Patsalas, P. A.; Heeney, M.; Anthopoulos, T. D. Remarkable Enhancement of the Hole
Mobility in Several Organic Small-Molecules, Polymers, and Small-Molecule:Polymer
20
Blend Transistors by Simple Admixing of the Lewis Acid p-Dopant B(C6F5)3.
Adv. Sci. 2018, 5, 1700290.
(32) Yurash, B.; Leifert, D.; Manjunatha Reddy, G.; Cao, D. X.; Biberger, S.; Brus, V. V.;
Seifrid, M.; Santiago, P. J.; Ko¨hler, A.; Chmelka, B. F. et al. Atomic-Level Insight into
the Post Synthesis Bandgap Engineering of a Lewis Basic Polymer Using the Lewis
Acid Tris (pentafluorophenyl) borane. Chem. Mater. 2019, 31, 6715–6725.
(33) Phan, H.; Kelly, T. J.; Zhugayevych, A.; Bazan, G. C.; Nguyen, T.-Q.; Jarvis, E. A.;
Tretiak, S. Tuning Optical Properties of Conjugated Molecules by Lewis Acids: Insights
from Electronic Structure Modeling. J. Phys. Chem. Lett. 2019, 10, 4632–4638.
(34) Yurash, B.; Cao, D. X.; Brus, V. V.; Leifert, D.; Wang, M.; Dixon, A.; Seifrid, M.; Man-
sour, A. E.; Lungwitz, D.; Liu, T. et al. Towards understanding the doping mechanism
of organic semiconductors by Lewis acids. Nature Mat. 2019, 18, 13271334.
(35) Mansour, A. E.; Lungwitz, D.; Schultz, T.; Arvind, M.; Valencia, A. M.; Cocchi, C.;
Opitz, A.; Neher, D.; Koch, N. The optical signatures of molecular-doping induced po-
larons in poly(3-hexylthiophene-2,5-diyl): individual polymer chains versus aggregates.
J. Mater. Chem. C 2020, 8, 2870–2879.
(36) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864–
B871.
(37) Onida, G.; Reining, L.; Rubio, A. Electronic excitations: density-functional versus
many-body Greens-function approaches. Rev. Mod. Phys. 2002, 74, 601.
(38) Kohn, W.; Sham, L. J. Self-Consistent Equations Including Exchange and Correlation
Effects. Phys. Rev. 1965, 140, A1133–A1138.
(39) Hedin, L. New Method for Calculating the One-Particle Green’s Function with Appli-
cation to the Electron-Gas Problem. Phys. Rev. 1965, 139, A796–A823.
21
(40) Hybertsen, M. S.; Louie, S. G. First-Principles Theory of Quasiparticles: Calculation
of Band Gaps in Semiconductor and Insulators. Phys. Rev. Lett. 1985, 55, 1418–1421.
(41) Strinati, G. Application of the Greens Functions Method to the Study of the Optical
Properties of Semiconductors. Riv. Nuovo Cimento 1988, 11, 1–86.
(42) Bruneval, F.; Rangel, T.; Hamed, S. M.; Shao, M.; Yang, C.; Neaton, J. B. molgw
1: Many-body perturbation theory software for atoms, molecules, and clusters. Com-
put. Phys. Commun. 2016, 208, 149 – 161.
(43) Blum, V.; Gehrke, R.; Hanke, F.; Havu, P.; Havu, V.; Ren, X.; Reuter, K.; Schef-
fler, M. Ab initio molecular simulations with numeric atom-centered orbitals. Com-
put. Phys. Commun. 2009, 180, 2175 – 2196.
(44) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
(45) Havu, V.; Blum, V.; Havu, P.; Scheffler, M. Efficient O(N) integration for all-electron
electronic structure calculation using numeric basis functions. J. Comp. Phys. 2009,
228, 8367 – 8379.
(46) Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der Waals Interactions from
Ground-State Electron Density and Free-Atom Reference Data. Phys. Rev. Lett. 2009,
102, 073005.
(47) Bruneval, F. Ionization energy of atoms obtained from GW self-energy or from random
phase approximation total energies. J. Chem. Phys. 2012, 136, 194107.
(48) Weigend, F.; Ko¨hn, A.; Ha¨ttig, C. Efficient use of the correlation consistent basis sets
in resolution of the identity MP2 calculations. J. Chem. Phys. 2002, 116, 3175–3183.
(49) Yanai, T.; Tew, D. P.; Handy, N. C. A new hybrid exchange-correlation functional using
22
the Coulomb-attenuating method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51 –
57.
(50) Bader, R. F. W. Atoms in Molecules - A Quantum Theory ; Oxford University Press,
1990; Vol. Atoms in Molecules: a Quantum Theory.
(51) Henkelman, G.; Arnaldsson, A.; Jo´nsson, H. A fast and robust algorithm for Bader
decomposition of charge density. Comp. Mater. Sci. 2006, 36, 354–360.
(52) Sanville, E.; Kenny, S. D.; Smith, R.; Henkelman, G. Improved grid-based algorithm
for Bader charge allocation. J. Comput. Chem. 2007, 28, 899–908.
(53) Tang, W.; Sanville, E.; Henkelman, G. A grid-based Bader analysis algorithm without
lattice bias. J. Phys. Condens. Matter. 2009, 21, 084204.
(54) Cocchi, C.; Prezzi, D.; Ruini, A.; Caldas, M. J.; Molinari, E. Optical proper-
ties and charge-transfer excitations in edge-functionalized all-graphene nanojunctions.
J. Phys. Chem. Lett. 2011, 2, 1315–1319.
(55) De Corato, M.; Cocchi, C.; Prezzi, D.; Caldas, M. J.; Molinari, E.; Ruini, A. Optical
properties of bilayer graphene nanoflakes. J. Phys. Chem. C 2014, 118, 23219–23225.
(56) Sato, R.; Kawamoto, T.; Mori, T. Asymmetrical hole/electron transport in donor–
acceptor mixed-stack cocrystals. J. Mater. Chem. C 2019, 7, 567–577.
(57) Lap, D.; Grebner, D.; Rentsch, S. Femtosecond time-resolved spectroscopic studies on
thiophene oligomers. J. Phys. Chem. A 1997, 101, 107–112.
(58) Fabiano, E.; Sala, F. D.; Cingolani, R.; Weimer, M.; Go¨rling, A. Theoretical study of
singlet and triplet excitation energies in oligothiophenes. J. Phys. Chem. A 2005, 109,
3078–3085.
23
(59) Siegert, S.; Vogeler, F.; Marian, C.; Weinkauf, R. Throwing light on dark states of α-
oligothiophenes of chain lengths 2 to 6: radical anion photoelectron spectroscopy and
excited-state theory. Phys. Chem. Chem. Phys. 2011, 13, 10350–10363.
(60) Cocchi, C.; Draxl, C. Optical spectra from molecules to crystals: Insight from many-
body perturbation theory. Phys. Rev. B 2015, 92, 205126.
(61) Gaul, C.; Hutsch, S.; Schwarze, M.; Schellhammer, K. S.; Bussolotti, F.; Kera, S.;
Cuniberti, G.; Leo, K.; Ortmann, F. Insight into doping efficiency of organic semicon-
ductors from the analysis of the density of states in n-doped C60 and ZnPc. Nature
Mat. 2018, 17, 439–444.
(62) Gierschner, J.; Cornil, J.; Egelhaaf, H.-J. Optical bandgaps of pi-conjugated organic
materials at the polymer limit: experiment and theory. Adv. Mater. 2007, 19, 173–
191.
(63) Cocchi, C.; Ruini, A.; Prezzi, D.; Caldas, M. J.; Molinari, E. Designing all-graphene
nanojunctions by covalent functionalization. J. Phys. Chem. C 2011, 115, 2969–2973.
(64) Cocchi, C.; Prezzi, D.; Ruini, A.; Caldas, M. J.; Molinari, E. Electronics and
optics of graphene nanoflakes: edge functionalization and structural distortions.
J. Phys. Chem. C 2012, 116, 17328–17335.
(65) DiCe´sare, N.; Belleteˆte, M.; Garcia, E. R.; Leclerc, M.; Durocher, G. Intermolec-
ular interactions in conjugated oligothiophenes. 3. Optical and photophysical prop-
erties of quaterthiophene and substituted quaterthiophenes in various environments.
J. Phys. Chem. A 1999, 103, 3864–3875.
(66) Kouki, F.; Spearman, P.; Valat, P.; Horowitz, G.; Garnier, F. Experimental determina-
tion of excitonic levels in α-oligothiophenes. J. Chem. Phys. 2000, 113, 385–391.
24
(67) Duflot, D.; Hoshino, M.; Lima˜o Vieira, P.; Suga, A.; Kato, H.; Tanaka, H. BF3 Valence
and Rydberg States As Probed by Electron Energy Loss Spectroscopy and ab Initio
Calculations. J. Phys. Chem. A 2014, 118, 10955–10966.
(68) Hummer, K.; Puschnig, P.; Ambrosch-Draxl, C. Lowest Optical Excitations in
Molecular Crystals: Bound Excitons versus Free Electron-Hole Pairs in Anthracene.
Phys. Rev. B 2004, 92, 147402.
(69) Sai, N.; Tiago, M. L.; Chelikowsky, J. R.; Reboredo, F. A. Optical spectra and exchange-
correlation effects in molecular crystals. Phys. Rev. B 2008, 77, 161306.
(70) Sharifzadeh, S.; Biller, A.; Kronik, L.; Neaton, J. B. Quasiparticle and optical spec-
troscopy of the organic semiconductors pentacene and PTCDA from first principles.
Phys. Rev. B 2012, 85, 125307.
(71) Cocchi, C.; Draxl, C. Bound excitons and many-body effects in x-ray absorption spec-
tra of azobenzene-functionalized self-assembled monolayers. Phys. Rev. B 2015, 92,
205105.
(72) Cocchi, C.; Moldt, T.; Gahl, C.; Weinelt, M.; Draxl, C. Optical properties of
azobenzene-functionalized self-assembled monolayers: Intermolecular coupling and
many-body interactions. J. Chem. Phys. 2016, 145, 234701.
(73) Rangel, T.; Berland, K.; Sharifzadeh, S.; Brown-Altvater, F.; Lee, K.; Hyldgaard, P.;
Kronik, L.; Neaton, J. B. Structural and excited-state properties of oligoacene crystals
from first principles. Phys. Rev. B 2016, 93, 115206.
(74) Cocchi, C.; Draxl, C. Understanding the effects of packing and chemical termina-
tions on the optical excitations of azobenzene-functionalized self-assembled monolayers.
J. Phys. Condens. Matter. 2017, 29, 394005.
25
(75) Schuster, R.; Knupfer, M.; Berger, H. Exciton band structure of pentacene molecular
solids: breakdown of the Frenkel exciton model. Phys. Rev. Lett. 2007, 98, 037402.
(76) Cudazzo, P.; Gatti, M.; Rubio, A. Excitons in molecular crystals from first-principles
many-body perturbation theory: Picene versus pentacene. Phys. Rev. B 2012, 86,
195307.
(77) Cudazzo, P.; Sottile, F.; Rubio, A.; Gatti, M. Exciton dispersion in molecular solids.
J. Phys. Condens. Matter. 2015, 27, 113204.
(78) Li, J.; d’Avino, G.; Pershin, A.; Jacquemin, D.; Duchemin, I.; Beljonne, D.; Blase, X.
Correlated electron-hole mechanism for molecular doping in organic semiconductors.
Phys. Rev. Mater. 2017, 1, 025602.
(79) Li, J.; Duchemin, I.; Roscioni, O. M.; Friederich, P.; Anderson, M.; Da Como, E.;
Kociok-Ko¨hn, G.; Wenzel, W.; Zannoni, C.; Beljonne, D. et al. Host dependence of the
electron affinity of molecular dopants. Mater. Horiz. 2019, 6, 107–114.
26
Graphical TOC Entry
e-
Energy [eV]
No ground-state charge-transfer
5.52.5 3.5 4.5
charge-transfer 
excitation
27
